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Figure S1. Pair interactions of two Sb(Bi) adatoms on the stoichiometric
TiO,(110). Energy profiles of two Sb or Bi adatoms on defect-free TiO,(110)
substrate, as a function of Sb(B1)-Sb(B1) distance d(Sb(B1)-Sb(B1)), the red and green
bars correspond to the Sb and Bi cases, respectively.
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Figure S2. Geometric structures, thermodynamic and kinetic properties for Bi
single atom and the Bi-O, unit with a molecular O, adsorb on the Bi reactive site
on defect-free TiO,(110). (a) Top and side view of the optimized most stable
structure of Bi single atoms on defect-free rutile TiO,(110) surface shown in ball and
stick model. (b) Minimum energy path (MEP) for Bi diffusion along the oxygen
bridging row. (¢) Calculated relative adsorption energies of the O, molecule on the
Bi/Ti0,(110) complex with different Bi-O, distance (d(Bi-O;)) in ¢(8%2) supercell,
the insert image on the left side refers to the side and top view of the most stable BiO,
motif. (d) MEP for BiO, motif diffusion on TiO,(110), the initial state, transition state
and final state are labeled as IS, TS and FS, respectively.
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Figure S3. CO oxidation on the SbO, species stabilized on the defect-free
TiO,(110). The adsorbed O, molecule attacked by the incoming CO and release a

CO, molecule.
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Figure S4. Possible MEP of CO oxidation on SbO; species on defect-free
TiO,(110) substrate. (a) CO attacking the remained O atom of SbO; species on the
substrate. (b) CO oxidation by attacking the protruding O atom of the adsorbed O, in
SbO5-0, species. (¢) CO attacking the remained O atom in SbOs3-O, species on
defect-free TiO,(110) substrate.
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Figure S5. Local projected electronic density of states (LPDOS) analysis. (a)
LPDOS of Sb/TiO,(110). (b) LPDOS of SbO, species on TiO,(110). (¢) LPDOS of
SbO,4 motif on TiO,(110). (d) LPDOS of SbO; species on TiO,(110). (e) LPDOS of
SbO3-0, species on TiO,(110).
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Figure S6. MEP for CO oxidation on the BiO4 p-SACs stabilized on the defect-
free TiO,(110) substrate.
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Figure S7. Schematic view of the MEP of O, dissociated of SbO, species on
defect-free TiO,(110) surface.

Here, the bond length change of O-O and Sb-O during the O, dissociation are
displayed. Additionally, the optimized coordinates of the structures of O, dissociation
on the Sb/TiO,(110) complex.

The optimized coordinates of IS state are as below:

Ti O Sb

1.0

0. 0000000000
13. 1861276627
0. 0000000000

0. 0000000000
0. 0000000000
27. 4730949402

11. 8360004425
0. 0000000000
0. 0000000000

Ti 0 Sb
64 130 1
Direct
0. 926475525 0. 544925094 0. 450963795
0. 925976872 0. 045937024 0. 448198676
0. 800546288 0. 794900417 0. 438472569
0. 800564289 0. 295366347 0. 436988056
0. 680711687 0. 545323968 0. 448846132
0.675927162 0. 046942100 0. 448365331
0. 551120877 0. 796560526 0. 437594950
0. 548886538 0.298211008 0. 441716909
0. 425605059 0. 549167633 0.434479713
0. 425858587 0. 046301719 0. 447755069
0. 300547034 0. 796653688 0. 437593758
0. 302911282 0. 298004031 0. 441640735
0. 170556605 0. 545471489 0. 449451149
0. 175763980 0. 046953898 0. 448146671
0. 050971352 0. 794503152 0. 438334793
0.051142436 0. 295875877 0. 436867476
0. 802136362 0. 545754969 0. 323469609
0. 801292539 0. 045838229 0. 323703468
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The optimized coordinates of TS state are as below:

Ti O Sb

1.0
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0. 0000000000
0. 0000000000

0. 0000000000
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0. 0000000000

0. 0000000000
0. 0000000000
27. 4730949402

Ti 0 Sb
64 130 1
Direct
0. 925822079 0. 545014977 0. 450258732
0. 925880790 0. 046096418 0. 448115766
0. 800617576 0. 794916809 0. 438495338
0. 800619006 0.295610756 0. 436811924
0. 680134356 0. 545517683 0. 448636413
0. 675892115 0. 047075558 0. 448236585
0. 551093817 0. 796588421 0. 437644392
0. 548887610 0. 298425317 0. 442572206
0. 425785005 0. 549080610 0. 434282452
0. 425862700 0. 046592318 0. 447533846
0. 300538301 0. 796655953 0.437634259
0. 302913517 0. 298334360 0. 442599952
0. 171546176 0. 545587957 0. 448906034
0. 175740510 0. 047099996 0. 448084921
0. 050984040 0. 794654787 0. 438418895
0. 051129490 0. 295929879 0.436736614
0. 800856650 0. 545885086 0. 322857648
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0. 551862776 0. 546647310 0. 319380760
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0. 175530910 0. 796769083 0. 318340868
0. 178672612 0.294868171 0. 318807155
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0.300742894 0. 795547366 0. 124541380
0. 300742894 0. 295547336 0. 124541380
0. 050742902 0. 795547366 0. 124541380
0. 050742902 0. 295547336 0. 124541380
0. 925742924 0.947947204 0. 077696726
0. 925742924 0.643147469 0. 077696726
0.925742924 0.447947204 0. 077696726
0. 925742924 0.143147469 0. 077696726
0.675742924 0.947947204 0. 077696726
0.675742924 0.643147469 0. 077696726
0.675742924 0.447947204 0. 077696726
0.675742924 0.143147469 0. 077696726
0.425742894 0.947947204 0. 077696726
0.425742894 0.643147469 0. 077696726
0.425742894 0.447947204 0. 077696726
0.425742894 0.143147469 0. 077696726
0. 175742909 0.947947204 0. 077696726
0. 175742909 0.643147469 0. 077696726
0. 175742909 0.447947204 0. 077696726
0. 175742909 0.143147469 0. 077696726
0. 800742924 0. 795547366 0. 030852064
0. 800742924 0. 295547336 0. 030852064
0. 550742924 0. 795547366 0. 030852064
0. 550742924 0. 295547336 0. 030852064
0. 300742894 0. 795547366 0. 030852064
0. 300742894 0. 295547336 0. 030852064
0. 050742902 0. 795547366 0. 030852064
0. 050742902 0. 295547336 0. 030852064
0. 357934982 0. 323898613 0.515647709
0.494240910 0. 323861659 0. 515619338
0.426210463 0. 466500998 0. 538203001

The optimized coordinates of FS state are as below:

Ti O Sb

1.0
11. 8360004425
0. 0000000000
0. 0000000000

0. 0000000000
13. 1861276627
0. 0000000000

0. 0000000000
0. 0000000000
27. 4730949402

Ti 0O Sb
64 130 1
Direct

0. 925800979
0. 925813735

0. 545996428
0.047415335

0.449146330
0. 448245466
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Figure S8. The oxidation state of Sb reactive site in (a) Sby, (b) SbO, motif, (¢) SbOs,
(d) SbO;-0,, and SbO, species on TiO,(110). (f)-(g) show the oxidation states of Bi
reactive site in Bij, BiO,, BiO3, BiO3-O,, and BiOy4 species on TiO,(110), respectively.
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Figure S9. Local projected electronic density of states (LPDOS) analysis on (a)
TiO,(110). (b) Sby/TiOy(110).



Fig. S10. Analysis of charge transfer between the SbOx system and TiO,; (a)-(e)
Side view of differential charge density of Sb/TiO,(110), SbO, motifs, SbO,4, SbO;,
and SbO;-0, species on TiO,(110), respectively, with an isosurface value of 3x1073
e/A3. Yellow and blue bubbles represent charge accumulation and depletion,
respectively. (f)-(g) The oxidation state analysis including Sb reactive site and
adsorbed O, in Sb;, SbO, motif, SbO,4, SbO;, and SbO3-O, species on TiO,(110),
respectively.

First, we note that, in Sb/TiO,(110) complex (see Fig. S10(a) and (f)), the Sb single
atom donate about 1.23 |e| to the substrate, with about 0.4 |e| is accommodated by the
nearby subsurface Ti (Tig,,) atoms, as schematically donated by the arrow. As a
consequence, there emerges a spin-polarized d-orbital state at about 0.95 eV below
the Fermi level, see Fig. S5(a). In the optimized SbO,/Ti0,(110) complex (see Fig.
S10(b) and (g)), the aforementioned Tiy,, atom donates about 0.21 |e| back to the
adsorbed O, molecule, i.e., leaving 0.19 |e| maintained on the Tig,,, as reflected by the
significantly reduced spin-polarized LPDOS at around 0.24 eV below the Fermi level,
see Fig. S5(b). For the case of SbO, shown in Fig. S10 (c¢) and (h), the two O atoms
dissociated from the adsorbed O, molecule capture more electrons from the substrate,
by about 0.62 |e|, with the Tig,, atom donating the remained 0.19 |e|, correspondingly,
there is already no LPDOS observed on the Tig,, within the band gap, see Fig. S5(c).

For the case of SbO; species shown in Fig. S10(d) and (i), the left O atom is only
charged by about 1.04 |e|, that is, relative to the case of SbOy, about 0.74 |e| is back
donated to the substrate, correspondingly, there emerge again a new LPDOS of the
Tigp at around 0.24 eV below Fermi level, see Fig. S5(d).

Moreover, in the case of SbOs3-O, species on TiO,(110) (see Fig. S10 (e) and (j)),
relative to the case of SbOs, about 0.57 |e| is further transferred to the adsorbed O,,
mainly by the Tig,. As a consequence, the LPDOS of the Tig,, within the band gap
disappears, see Fig. S5(e).



Table. S1 The parameters of magnetic moments analysis for key steps of O,
dissociation and CO oxidation on the Sb-p-SACs, the corresponding key step
structures are also shown in (i)-(vii). The data include magnetic moments projected on
different species, i.e., Sb, substrate Ti and Oy, adsorbed O,, and the CO molecule of

the systems during the key cycle steps of O, activation and CO oxidation.

Megnetic moments (pg)

Steps i ii iii iv v vi vii

Sb 0.00 0.00 -0.011 0.004 0.00 0.00 0.023

0, 0.00 0.19 0.967 0.459 0.00 0.965 0.148

Ti 0.91 0.86 -0.017 -0.061 0.909 -0.017 0.005
Cc/o Y % \ 0.147/0.043 \ \ 0.515/0.295
O 0.09 -0.05 0.061 0.408 0.091 0.048 0.014

Total 1.0 1.0 1.0 1.0 1.0 1.0 1.0

® (i




